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Abstract

While the zinc finger transcription factors EGR1, EGR2, and EGR3
are recognized as critical for T-cell function, the role of EGR4
remains unstudied. Here, we show that EGR4 is rapidly upregu-
lated upon TCR engagement, serving as a critical “brake” on T-cell
activation. Hence, TCR engagement of EGR4~/~ T cells leads to
enhanced Ca®* responses, driving sustained NFAT activation and
hyperproliferation. This causes profound increases in IFNy produc-
tion under resting and diverse polarizing conditions that could be
reversed by pharmacological attenuation of Ca®* entry. Finally, an
in vivo melanoma lung colonization assay reveals enhanced anti-
tumor immunity in EGR4~/~ mice, attributable to Thl bias, Treg
loss, and increased CTL generation in the tumor microenvironment.
Overall, these observations reveal for the first time that EGR4 is a
key regulator of T-cell differentiation and function.

Keywords cancer immunity; EGR4; K channels; STIM1; Th1 differentiation
Subject Categories Cancer; Immunology; Signal Transduction

DOI 10.15252/embr.201948904 | Received 19 July 2019 | Revised 24 February
2020 | Accepted 27 February 2020 | Published online 25 March 2020

EMBO Reports (2020) 21: e48904

Introduction

The EGR (early growth response) family of zinc finger transcription
factors consists of 4 closely related members (EGR1-4) whose activ-
ity is induced by a wide variety of extracellular stimuli including
activation, growth and differentiation signals, tissue injury, and
apoptotic signals [1,2]. Within T cells, EGR1, EGR2, and EGR3 have
all been shown to modulate T-cell activation [3,4], anergy [5,6],
antigen-induced T-cell proliferation, and effector differentiation [7].
For example, EGR1 favors T helper type 2 (Th2) differentiation by
promoting IL-4 expression [8], while EGR2 and EGR3 suppress Th1
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differentiation through control of T-Bet expression [9]. Consistent
with these roles, EGR-responsive elements have been identified in
the promoters of multiple cytokine genes including IL-2 [10] and
TNFa [11]. Reflecting a significant gap in knowledge, the specific
role of EGR4 in T-cell differentiation has not hitherto been exam-
ined; while EGR4™/~ mice have been available for some time, stud-
ies to date have focused primarily on defects in spermatogenesis
and male fertility [12-14].

T-cell activation is tightly regulated, beginning with the binding
of cognate antigen (Ag) to the TCR. Strength and duration of the
resulting TCR signal depend on affinity of Ag for the TCR, as well
as engagement of costimulatory and inhibitory receptors that modu-
late TCR signaling. Fine-tuning of TCR signals ideally promotes
productive immunity to pathogens and cancer, while limiting the
risk of autoimmunity. One of the earliest events in T-cell activation
is a rise in cytosolic Ca®>* content triggered by recruitment of PLCy1
to the TCR complex [15], leading to production of inositol 1,4,5-
trisphosphate (InsP;) and ER Ca®* release. While this occurs within
a few seconds of TCR engagement, the Ca®*" response lasts for
hours after the initial stimulus, driving the activation of NFAT [15—
20], NF-kB [20,21], and CREB [20], which leads to T-cell clonal
expansion, differentiation to effector cells [22-24], and metabolic
shifts [23]. Maintenance of Ca®* signals over this timeframe
requires Ca?* influx from the extracellular space through plasma
membrane Ca®?* channels and is critical for T-cell activation to
occur [18,25-27]. STIM1 and STIM2 are transmembrane proteins
that act as sensors of ER Ca®" depletion, facilitating store-operated
Ca®>* entry (SOCE) through members of the Orai family of Ca**
channels [27-32].

Interestingly, EGR1 has been implicated in the expression of
numerous Ca’" homeostatic proteins in multiple cell types.
EGR1 has been shown to promote SERCA expression [33-35],
while negatively regulating NCX [36] and calsequestrin [37]. Our
previous studies have shown that EGR1, and EGR4, regulate
STIM1 expression in T-cell lines and several other cell types
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[26]. The role of this regulation in primary T-cell differentiation,
however, remains unknown.

The current investigation was designed to assess whether EGR4
plays any role in T-cell function. In contrast to previous assump-
tions, we find that EGR4 plays a critical and non-redundant role in
T-cell activation and Th differentiation. While the level of EGR4
expression is very low in resting T cells, it is strongly upmodulated
upon T-cell activation. Further, EGR4~/~ T cells exhibit profound
TCR-induced increases in Ca®>" signals, compared to knockout of
other EGR family members, despite compensatory upmodulation of
other EGR proteins. Pharmacological inhibition of Ca** responses
in EGR4™/~ T cells blocks Thl bias, revealing the causal role for
Ca®" signals in this phenotype. Finally, the functional significance
of EGR4 is revealed by enhanced T cell-mediated anti-cancer immu-
nity in EGR4 ™/~ mice, as outlined below.

Results

EGR4 is expressed in T cells, but has minimal effects on
T-cell development

The EGR1, EGR2, and EGR3 factors have been quite closely studied
for their critical roles in T-cell development and differentiation for
many years. However, the role of EGR4 has been discounted, in part
due to early challenges in detection [38] and the consequent doubt
that it was significantly expressed in T cells. Here, we sought to
directly test expression and function of EGR4 in T cells. We first
used qPCR to assess the induction of EGR4 in purified mouse CD4 ™"
T cells in response to anti-CD3/CD28 stimulation. For this purpose,
we collected and stimulated CD4"* T cells from WT, EGR4™/~, and
control EGR1™/~ mice and assessed expression of EGR4 and other
EGR family members at time points from 0 to 20 h (Fig 1A). Strik-
ingly, EGR4 expression was strongly upregulated after 2 h of activa-
tion in WT CD4" T cells, although this expression was lost by the
20-h time point. This is in marked contrast to the expression of
EGR1, EGR2, and EGR3 which, in WT CD4" T cells, was sustained
and/or increased at both the 2- and 20-h time points. Individual
ablation of EGR4 or EGR1 caused upmodulation of most other EGR
family members, suggesting negative feedback among members of
this family. In a notable exception, EGR17/~ T cells showed dimin-
ished EGR4 induction at 2 h, suggesting the existence of a positive
feedback loop between EGR1 and EGR4, consistent with the previ-
ous observation that EGR4 expression is EGR1-dependent [39].
Collectively, our data show that EGR4, in contrast to other EGR
family members, is induced with transient kinetics in response to
TCR stimulation, which may partly explain why its role in T-cell
activation has been previously overlooked.

To assess the potential functional role of EGR4 in T-cell differen-
tiation in vivo, we first examined the peripheral leukocyte composi-
tion of EGR4 ™/~ mice, in comparison with EGR1™~ and WT mice.
No significant differences in the proportions of T cells, B cells,
neutrophils, or monocytes/macrophages were observed in the
spleen (Fig 1B; gating strategies in Appendix Fig S1A). However,
there was a significant decrease in the central memory T-cell subset
in EGR4™/~ CD8" T cells (relative to EGR1™/~ T cells) and a signifi-
cant increase in central memory EGR1™/~ CD4" T cells (relative to
both WT and EGR4~/7). Further, while total Treg frequency was
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essentially unchanged, we observed subtle but statistically signifi-
cant differences in Treg subset composition (based on CD25, GITR,
and PD1 expression; Appendix Fig S1B) [40]. Collectively, we
conclude that EGR4™/~ mice exhibit subtle alterations in T-cell
subset representation with potential functional implications that dif-
fer from those exhibited by EGR1 /™ mice.

Activated EGR4 /'~ T cells exhibit hyperproliferation and Th1 bias

As a first step to understand the potential role of EGR4 in T-cell
function, we assessed T-cell proliferation. For this purpose, CD4*
and CD8"* T cells were isolated from WT, EGR4™/~, or EGR1™/~
mice, and cultured in vitro either without stimulation, or in the pres-
ence of weak (anti-TCRp) or strong (anti-CD3/CD28) TCR stimuli.
The ability of weak versus strong TCR signals to induce different
levels of EGR and consequently different cellular responses is well
established. For instance, during early thymocyte development the
ability of ydTCRs or pre-TCRs to mediate strong versus weak TCR
signals leads to strong versus weak EGR induction and differential
development to vd versus of fates, respectively [41]. Also, it was
recently shown that differential TCR signaling controls differentia-
tion of iNKT cell subsets by regulating duration of EGR expression
as well as by inducing epigenetic changes that promote accessibility
of EGR binding sites [42]. Here, we found that the absence of EGR4
markedly enhanced proliferation of both CD4" and CD8" T cells
(Fig 2) under conditions of weak anti-TCR[] stimulation over a 5-
day time course. In contrast, under conditions of strong anti-CD3/28
stimulation this proliferative advantage of EGR4™/~ versus WT T
cells was substantially diminished, particularly for CD8" T cells
(Fig 2A; Appendix Fig S2), likely reflecting the near-maximal
response of WT CD8" T cells even after 2 days of stimulation. The
proliferative advantage of EGR4™/~ T cells over WT T cells in
response to anti-TCRf was evident already at 48 h and over a five-
fold dose range (Fig 2A and B; Appendix Fig S2). At low dosage
(5 pg/ml), even strong anti-CD3/CD28 treatment elicited enhanced
proliferation by EGR4 ™/~ versus WT CD4* and CD8* T cells
(Fig 2F). Generation-structured decomposition of 4-day proliferation
data reveals that many more EGR4 ™/~ T cells undergo 2-3 cell divi-
sions in response to weak anti-TCR stimulus, than is the case for
WT or EGR17™/~ T cells, for both CD4" (Fig 2C; Appendix Fig S3A)
and CD8" (Fig 2D; Appendix Fig S3B) T cells. This effect is hidden
under conditions of strong anti-CD3 stimulation, which rapidly
drives most cells past the 2" cell division stage regardless of EGR
status (Fig 2D).

Next, we tested the effects of EGR4 deficiency on T-cell cytokine
production. Remarkably, resting EGR4- but not EGRI-deficient
CD4"* T cells already expressed substantial levels of IFNy, IL-9, IL-
10, and IL-21, compared to WT cells, thus defining a non-redundant
role of EGR4 in inhibition of diverse cytokine genes by CD4* T cells
even in the absence of stimulation (Fig 3A). Interestingly, in the
case of CD8™ T cells there was strong induction of these 4 cytokines
by both EGR4- and EGR1-deficient cells, although the effect of EGR4
deficiency was much greater for IFNy expression (Fig 3B). However,
activation of EGR4-deficient cells with a weak anti-TCRf stimulus
actually reduced cytokine expression in both CD4" (Fig 3C) and
CD8" (Fig 3D) subtypes, although IFNy, IL-10, and IL-21 (CD8*
only) expression levels were still elevated compared to activated
WT T cells at 48 h. Strong anti-CD3/28 stimulus greatly induced
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Figure 1. Characterization of EGR4 knockout T cells.

T cells were collected from age- and gender-matched WT, EGR1KO, and EGR4KO mice.
A CD4" T cells were isolated from the spleen by negative selection before incubating with anti-CD3/CD28 antibodies for the indicated time periods. Levels of expression

of EGR1, EGR2, EGR3, and EGR4 were measured by qPCR.

B WBC was collected from WT, EGR1KO, and EGR4KO mice before staining and FACS analysis to determine composition (gating strategies in Appendix Fig S1).

Subclasses of CD8*, CD4", and Treg populations were determined as shown.

Data information: Data in panel (A) (mean £+ SEM; a minimum of three biological replicates were examined; each biological replicate includes two technical replicates)
were analyzed by two-way ANOVA with post hoc tests. Changes in the expression of each gene over time were EGR-dependent. EGR1 (P = 0.0017); EGR2 (P < 0.0001);
EGR3 (P = 0.0031); EGR4 (P = 0.0309). Differences from WT at specific time points due to EGR deletion are marked with *P < 0.05; ****P < 0.0001. Differences between
WT, EGR1KO, and EGR4KO WBC in panel (B) (mean £ SEM; a minimum of three biological replicates were examined; each biological replicate includes two technical

replicates) were determined by one-way ANOVA. Statistically distinct groups were determined by post hoc analysis and marked as a, b, and c.

IFNy and IL-2 expression by EGR4-deficient CD4 " T cells compared
to similarly activated WT and EGRI-deficient cells, while other
cytokines that were increased in naive EGR4 ™/~ CD4" cells were
partly (IL-10) or totally (IL-9, IL-21) suppressed (Fig 3E). Similarly,
CD8" T cells from EGR4~/~ mice exhibited elevated IFNy produc-
tion in response to anti-CD3/CD28 stimulation compared to WT and
EGR1-deficient CD8" cells, while other cytokines that were
increased in naive EGR4™/~ CD8" cells were mostly suppressed
(Fig 3F). We then performed intracellular anti-IFNy staining
followed by FACS analysis on stimulated and control T-cell subsets,
allowing us to quantitate IFNy expression at the single cell level
(Fig 3G and H). This revealed that (i) the number of IFNylO cells
was elevated in unstimulated EGR4™/~ versus WT T cells (Fig 3G,
left column), and (ii) both IFN«/10 and IFN«/hi cell numbers were
increased in EGR4 ™/~ versus WT T cells under both weak and
strong stimulation conditions (Fig 3G, middle and right columns).
Indeed, EGR4™/~ T cells treated with anti-TCRp upmodulated IFNy
even more than WT T cells treated with anti-CD3/CD28. These
observations indicate that increased cytokine expression in the
absence of EGR4 reflects both the generation of increased numbers
of cytokine-producing cells and increased IFNy production by indi-
vidual responder cells. We conclude that EGR4 acts as a significant
brake on the generation of T cells in general and Thl cells, in
particular, such that EGR4~/~ cells are poised to respond to further
stimulation. Further, EGR4 deficiency causes a much more striking
phenotype than EGR1 deficiency, particularly for CD4"* T cells. The

© 2020 The Authors

unique role of EGR4 may in part reflect different binding specificities
of these factors. For instance, EGR1 but not EGR4 binds to a zinc
finger protein binding region (ZIP) in the human IL-2 promoter [10].

Our observation that IFNy expression is consistently de-repressed
in EGR4-deficient T cells under both resting and activated conditions
raises the question of whether EGR4 plays a key role in Th polariza-
tion, in particular by limiting the Thl response or at least IFNy
production. To test this possibility, we polarized CD4" T cells
derived from WT, EGR1™/~, and EGR4™/~ mice toward Th1l, Th2,
Th17, and Treg fates in vitro (Figs 3I-K and EV1). Both EGR4- and
EGR1-deficient CD4™ T cells initially showed increased proportions
of IFNy-producing cells under Thl-polarizing conditions compared
to WT cells (Fig 31 and J) after 3 days, but equivalent levels to WT
cells by 5 days post-stimulation (Fig 3K). However, a key difference
emerged under non-Thl-polarizing conditions, such that EGR4 7/~
CD4" T cells consistently and strongly upmodulated IFNy under all
non-Thl conditions by 5 days post-stimulation (Fig 3K), while WT
and EGR1™/~ CD4" T cells exhibited relatively inconsistent and
weak induction. Note that anti-IFNy antibody (20 pg/ml) was
included in all stimulation conditions, so that increased IFNy
production cannot be attributed to an enhanced IFNy-mediated posi-
tive feedback loop in EGR4-deficient T cells. Surprisingly, EGR4-
deficient Thl-polarized CD4" T cells expressed high levels of
granzyme B and perforin, which were not detected in EGR1 ™/~ or
WT CD4" T cells (Appendix Fig S4A). Granzyme B induction has
previously been reported to occur in restimulated Thl effectors,

EMBO reports 21:e48904 12020 3 of 15
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Figure 2. Constitutive hyperproliferation in EGR4KO T cells.
WT and EGR4~/~ CD4* and CD8" T cells were isolated from the spleen by cell sorting and stained with CFSE.
Cells were incubated under unstimulated conditions or stimulated with either anti-TCRp or anti-CD3/CD28 antibodies for 0-5 days (mean + SEM; a minimum of
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A
three biological replicates were examined; each biological replicate includes two technical replicates).

B Dose dependence of EGR4-dependent differences in proliferation was also determined in both CD4* and CD8" cells after treatment with anti-TCRP or anti-CD3/
CD28 at the indicated concentrations before FACS analysis (Appendix Fig S2) (mean 4 SEM; a minimum of three biological replicates were examined; each
biological replicate includes two technical replicates).

C, D Generation analysis was then assessed in WT, EGR1 /", and EGR4~/~ CD4* (C) or CD8* (D) T cells after a 4-day incubation, under unstimulated conditions, or

stimulated with either anti-TCRP or anti-CD3/CD28 antibodies. Generation analysis was determined using FlowJo as depicted in Appendix Fig S3 (mean 4 SEM; a
minimum of three biological replicates were examined; each biological replicate includes two technical replicates). EGR4 deletion significantly shifted the number
of generations as determined by two-way ANOVA; loss of either EGR1 or EGR4 significantly changed the number of generations under resting or stimulated

conditions (P < 0.0001).

where it has been proposed to play a role in AICD [43,44]. Similar
polarization of CD8* T cells with IL-2 and IL-12, which is known to
promote Tcl CD8" fate [45-47], also induced greater granzyme B
and perforin induction in the absence of EGR4 than in WT cells
(Appendix Fig S4B). These observations suggest that EGR4 plays a
role in limiting IFNy production and cytolytic capacity of both acti-
vated CD4" and CD8™ T cells under diverse polarizing conditions.

Interestingly, while EGR4 deficiency promotes IFNy production
and cytolytic phenotype, it does not inhibit expression of character-
istic cytokines associated with the Th2, Th9, and Th17 fates, in that
there is no decrease in IL-13/IL-4, IL-9, IL-17, or IL-22 under Th2-,
Th9-, and Th17-polarizing conditions, respectively, in EGR4 ™/~ (or
EGR17/7) CD4" T cells, and even a substantial upmodulation in
some cases (Fig EV1). In contrast, induction of Foxp3, the signature
transcription factor of Treg differentiation, is significantly impaired
in EGR4-deficient CD4™ T cells (Appendix Fig S4C). Further, expres-
sion of Helios, a critical transcription factor required for maintaining
Treg stability [48], was substantially reduced in EGR4~/~ CD4" T
cells under Treg-polarizing conditions (Appendix Fig S4D).

4 of 15 EMBO reports  21: e48904 | 2020

Enhanced NFAT nuclear translocation mediates
hyperresponsiveness of EGR4 T cells

The NFAT family of transcription factors is known to control the
expression of several signature cytokines, as well as their receptors
[24,49-51]. The integration of cytokine signals with signal transduc-
tion cascades emanating from the TCR and other receptors during
both adaptive and innate immune cell responses critically determi-
nes T helper cell differentiation outcomes [24]. Of particular rele-
vance here, the NFAT/AP1 transcription factors bind and regulate
the IFNy promoter in the presence of STAT1, STAT4, and STATS
[24], and the absence of NFAT 1,2 and 4 totally abrogates IFNy
production [52]. To understand whether enhanced IFNy generation
in the absence of EGR4 may result from prolonged NFAT activation,
we measured NFAT translocation in response to anti-CD3/28 stimu-
lation in purified CD4* and CD8"* T cells from EGR4~/~ and WT
mice (Fig 4A; Appendix Fig S5). As expected, nuclear NFAT
increased dramatically in WT T cells within 30 min after stimula-
tion, with a greater response in CD8" than CD4" cells. While this

© 2020 The Authors
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Figure 3. EGR4KO cells exhibit Thl bias and a capacity to differentiate into CTLs.

CD4* and CD8* T cells were isolated from the spleens of WT, EGR1KO, and EGR4KO mice by cell sorting.

A-F Cytokine secretion was measured by ELISA after incubating CD4* (A,C,E) and CD8" (B,D,F) T cells for 48 h in resting conditions (A,B) or stimulated with either anti-
TCRB (C,D) or anti-CD3/CD28 antibodies (E,F).

G Representative FACS plots depicting IFNy levels after intracellular staining in WT and EGR4KO CD4" and CD8* T cells.

H  Comparison of IFNy levels in WT versus EGR4 ™/~ T cells.

| Representative FACS plots of CD4* T cells incubated for 24 h under Th1-polarizing conditions before intracellular staining with IFNy and IL-17 antibodies.

J Comparison of the number of Th1 polarized cells between WT, EGR1 ™", and EGR4~/~ CD4* T cells.

K CD4* T cells were incubated for 5 days under polarizing conditions before analysis of cytokine production by ELISA.

Data information: Differences between cytokine levels in WT, EGR1~, and EGR4 " cells in panels (A-F) (mean £ SEM; a minimum of three biological replicates were
examined; each biological replicate includes two technical replicates) were determined by one-way ANOVA, with significant differences (P < 0.05) marked by a, b, or c.
Differences in IFNy production in panel (H) (mean + SEM; n = 4) were determined by two-way ANOVA. The dependence of the percentage of CD4* IFNy-Lo cells on TCR
signal strength was dependent upon EGR4 expression (P = 0.0003). The percentage of CD4" IFNy-Hi cells was dependent on both TCR signal strength (P = 0.0014) and
EGR4 expression (P = 0.0009). The dependence of the percentage of CD8" IFNy-Lo cells on TCR signal strength was dependent upon EGR4 expression (P < 0.0001). The
dependence of the percentage of CD8" IFNy-hi cells on TCR signal strength was dependent upon EGR4 expression (P = 0.0079). Panel ()) (mean £ SEM; a minimum of
three biological replicates were examined; each biological replicate includes two technical replicates) was determined by one-way ANOVA, revealing that the number of
Thl polarized cells was dependent upon EGR4 expression (P = 0.0042). Panel (K) (mean + SEM; a minimum of three biological replicates were examined; each biological
replicate includes two technical replicates) was determined by two-way ANOVA, revealing that IFNy production was dependent upon EGR4 expression (P < 0.0001). Post

hoc analysis revealed EGR-dependent differences under specific conditions *P < 0.05; ***P < 0.001; ****P < 0.0001.

was also true for EGR4™/~ T cells, there were 2 two important dif-
ferences: (i) EGR4~/~ resting CD4" T cells, but not CD8" T cells,
exhibited significantly lower nuclear NFAT than WT control cells,
and (ii) high-level NFAT nuclear localization was more sustained
and/or peaked at higher levels in EGR4™/~ CD4"* and CD8" T cells
than in WT control cells (Fig 4A). Collectively, these data suggest
that EGR4 acts to limit strength and duration of NFAT activation
upon TCR stimulation.

EGR4 '~ T cells exhibit enhanced Ca?* signaling

Considering the strong link between NFAT nuclear localization and
cytosolic Ca®™ content, we assessed the role of EGR4 in promoting
TCR-induced Ca*”" signals. Accordingly, cytosolic Ca** content was
measured in EGR4™/~, EGR1™/~, and WT CD4"* (Fig 4C) and CD8"
(Fig EV2) T cells at various points after T-cell engagement. Ca**
levels were assessed after loading with fura-2. Ca*" levels above
baseline (determined in resting cells) were quantified by measuring
the area under the curve (AUC), while variance was used to assess

© 2020 The Authors

the extent to which Ca®" elevations were transient versus sustained
(Fig 4C). As expected, unstimulated WT CD4" T cells were largely
quiescent, while CD3/28 stimulation led to progressive sustained
increases in cytosolic Ca*>* concentration after 2 and 20 h. Unstimu-
lated EGR4- and EGR1-deficient T cells similarly exhibited baseline
Ca*>" levels. However, EGR4™/~ CD4" T cells exhibited a striking
difference in response to anti-CD3/CD28 stimulation, i.e., elevated
Ca®>" levels at 2 h which returned to near-resting levels by 20 h
(Fig 4B). In contrast, EGR4™/~ CD8" T cells showed similar eleva-
tion of Ca®" levels at 2 h, but were able to maintain these levels
until the 20-h time point (Fig EV2). EGR1™/~ CD4" T cells showed
defects in Ca** responses at both early and late time points. Finally,
anti-CD3 crosslinking revealed no EGR4-dependent differences in
immediate Ca®" response for either CD4"* or CD8" T cells (Fig 5A),
indicating that differences in Ca** responses reflect the ability of
cells to sustain Ca*" signals as opposed to differences in proximal
TCR signaling. Overall, these observations reveal profound increases
in Ca*" signal duration during T-cell activation in EGR4™/~ but not
EGR1™/~ T cells. While the modest decreases in Ca** levels
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Figure 4. Activation of CD4" cells causes sustained Ca>* elevation and NFAT upregulation.

A NFAT nuclear localization was measured was measured by immunocytochemistry in CD4* and CD8" T cells isolated by negative selection from WT, EGR1KO, and
EGR4KO mice. Cells were stimulated with anti-CD3/CD28 antibodies for the indicated time periods before fixation and staining. Nuclear localization of NFATc1 in

CD4* and CD8" T cells was determined based on colocalization of NFATc1 and DAPI

measured by Pearson analysis (mean + SEM; data are based upon 13-20

cells/data point from one experiment; experiment was repeated three times). EGR4-mediated differences in NFATc1 localization were determined by two-way ANOVA.
NFAT localization was dependent upon EGR4 expression in both CD4* (P = 0.025) and CD8" (P = 0.039) T cells. Post hoc analysis revealed EGR4-dependent

differences at specific time points *P < 0.05; ***P < 0.001.

B WT, EGR1KO, and EGR4KO CD4* T cells were isolated from the spleen by negative selection before plating on poly-lysine (control) or CD3/CD28 and loading with fura-
2. Ca®* levels shown are from representative single cells measured from multiple experiments.
C Scatter plots showing area under the curve (AUC) and variance for each cell measured under all conditions.

observed in EGR1 /" cells likely reflect EGR1-mediated control of
STIM1 expression [24,50], the reasons for increased ca** signals in
EGR4 /" cells are hitherto unclear.

Since Ca** signals control NFAT nuclear localization, we
assessed the possibility that the changes in TCR-mediated Ca**
signals observed in EGR4™/~ cells are responsible for increased
NFAT localization and changes in cytokine expression, using BTP2,
a store-operated Ca®" channel blocker [53-55]. CD4* T cells were
plated for 2 h on anti-CD3/CD28 to generate cytosolic Ca*" eleva-
tion followed by the addition of BTP2 (Fig 5B). The observed rapid
suppression of Ca®>* elevation confirms that store-operated Ca’**
signals are required to sustain elevated Ca*>* content in TCR-stimu-
lated CD4" T cells. To determine whether TCR-induced Ca**
responses contribute to dysregulated cytokine production in
EGR4™/~ CD4" T cells, BTP2 was titrated down to partially effective
doses (to avoid blockade of all cytokine production even in WT
cells; Fig 5C). Remarkably, 100 nM BTP2 repressed anti-CD3/CD28-
dependent hyperinduction of IFNy in EGR4~/~ cells to WT levels,
while other cytokines remained above WT levels. Note that our data
are consistent with prior investigations showing that 100 nM BTP2
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only partially blocks IL-2 production [54]. These observations reveal
selective control of cytokine production by Ca**, with a specific
Ca**-dependent mechanistic link between EGR4 and IFNy produc-
tion in T cells.

Potassium channel activity in EGR4 '~ T cells contributes to
increased Ca®* responses

Given our prior findings that EGR1 and EGR4 regulate STIM1
[26,56] and PMCA4 [26] expression, our initial hypothesis for why
EGR4™/~ T cells exhibit increased Ca®* responses was that EGR4
deletion led to dysregulation of STIM and/or PMCA expression.
However, qPCR analysis of their expression levels failed to support
this hypothesis (Fig EV3A); increases in STIM1, Orai3, and PMCA4a
were observed in EGR17/~, but not EGR4™/~ cells. A modest
increase in partner of STIM1 (POST) [57,58] expression was
observed, but this seemed unlikely to account for observed changes
in TCR-mediated Ca** responses reported here. We then considered
the possibility that sustained Ca®* entry may require compensatory
maintenance of membrane potential through potassium channel

© 2020 The Authors
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Figure 5. Ca®* signal elevation in EGR4KO T cells is required for IFNy and IL2 production.

CD4* and CD8" T cells were isolated by negative selection from WT or EGR4 '~ mice.

A CD4" and CD8" T cells were loaded with fura-2 AM and plated on poly-D-lysine (2 h) before treating with biotinylated anti-CD3e, followed by streptavidin where
indicated. The average response of the majority of CD4" (WT 74.2 & 3.2%; EGR4 /778 + 29%) and CD8" (WT 79.4 + 35%; EGR4 '~ 782 + 2.5%) cells that
responded to streptavidin crosslinking of CD3 (mean + SEM; 40-60 cells/coverslip; 7-8 separate experiments).

B Cells were plated on anti-CD3/CD28 antibodies for 2 h; BTP2 (10 pM) was added where marked by the arrow.

C CD4" T cells were incubated with anti-CD3/CD28 antibodies for 6 h before measuring expression of IFNy, IL-2, IL-17, and IL-4 by FACS analysis. Data are
mean + SEM; a minimum of three biological replicates were examined; and each biological replicate includes two technical replicates.

activity. Hence, Ca®" entry depends upon a combination of a
concentration gradient and a negative membrane potential, both of
which are partially attenuated as Ca®" enters the cell. Potassium
channels permit the exit of K from the cell, thereby increasing
membrane potential and the corresponding driving force for Ca**
entry. T cells primarily express only 2 potassium channels: Kv1.3
and KCa3.1 [59]. qPCR analysis of their expression revealed modest
increases in both KCa3.1 and Kv1.3 expression in EGR4™/~ cells
only (Fig EV3A). To determine the extent to which KCa3.1 upregu-
lation contributes to Ca*" responses in EGR4 ™/~ T cells, we utilized
2 well-established pharmacological inhibitors: senicapoc and
TRAM-34 [60,61], of which the former has been tested in a clinical
trial [62]. WT and EGR4™/~ CD4" T cells were fura-2 loaded and
plated on anti-CD3/CD28 coverslips for 2h to induce Ca**
responses (as in Fig 5). Senicapoc (4 uM) completely blocked Ca**
responses in both WT and EGR4~/~ T cells, while TRAM-34 only

© 2020 The Authors

partially attenuated Ca®* responses (Fig 6A). However, there was a

dramatic difference in kinetics, with immediate inhibition observed
in EGR4™/~ T cells, as opposed to delayed inhibition in WT. This is
highly supportive of a greater role for KCa3.1 in maintaining
membrane potential in EGR4 ™/~ T cells; considered collectively with
the increased expression of the KCa3.1 channel, we propose that
KCa3.1 contributes critically to increased Ca®" responses in EGR4 ™/~
T cells. We next assessed the contribution of KCa3.1 activity on
IFNy production. As depicted in Fig 5, blocking Ca*" entry with
BTP2 blocked the increased IFNy production characteristic of
EGR4™/~ T cells. Since KCa3.1 activity is required for IFNy produc-
tion, we would expect that blocking KCa3.1 would lead to the same
result. As depicted in Fig 6B, that is exactly the case. We then tested
cells with the Kv1.3 inhibitor Shk-Dap22, observing a similar potent
inhibition of IFNy production (Fig 6B), suggesting redundancy
between these 2 channels. Finally, we assessed whether KCa3.1
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Figure 6. Potassium channel activity is required for Ca** responses and IFNy production, but not hyperproliferation in EGR4KO T cells.

CD4* T cells were isolated by negative selection from WT, EGR1~/~, or EGR4 ™~ mice.

A WT or EGR4™/~ cells were loaded with fura-2 AM and plated on anti-CD3/CD28 antibodies for 2 h. Senicapoc (4 uM) or TRAM-34 (5 uM) was added where marked by
the arrow.

B CD4" T cells were isolated by negative selection from WT or EGR4~/~ mice and incubated with anti-CD3/CD28 antibodies for 6 h in the presence or absence of either
senicapoc, TRAM-34, or Shk-Dap22 before measuring expression of IFNy levels by FACS analysis. Data are mean + SEM; three biological replicates were examined;
and each biological replicate includes two technical replicates. ***P < 0.001; ****P < 0.0001.

C To measure the effect of KCa3.1 inhibition of cell proliferation, WT and EGR4™/~ CD4™ T cells were isolated from the spleen by cell sorting and stained with CFSE.
Cells were incubated with anti-TCRf antibodies in the presence of vehicle, senicapoc (5 pM), or TRAM-34 (5 puM) for 4 days and then collected for FACS analysis.

D Generation analysis was completed for all data using FlowJo software. Data are mean £ SEM; three biological replicates were examined; and each biological
replicate includes two technical replicates.
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inhibition would affect the hyperproliferation observed in EGR4/~
T cells (see Fig 2). However, 5 uM concentrations of either seni-
capoc or TRAM-34 had no effect on the proliferation of either CD4 "
(Fig 6C and D) or CD8" (Fig EV3B and C) T cells. Considered
collectively, these observations establish that dysregulated expres-
sion and function of KCa3.1 and/or Kv1.3 in EGR4™/~ T cells alters
TCR-induced Ca** responses, selectively required for IFNy produc-
tion, but not hyperproliferation.

EGR4 "/~ mice exhibit enhanced anti-cancer immunity

The above results suggest that EGR4 acts as a brake on T-cell prolif-
eration and cytokine production through control of TCR-dependent
Ca®" signaling and NFAT function, making them poised to respond
more efficiently to further stimulation. Hence, we decided to assess
whether EGR4 deficiency can enhance effectiveness of the T-cell
response in an in vivo tumor transplant model. The effectiveness of
the T-cell response in a tumor setting is known to be limited by
anergy, polarization to the Treg (suppressor) fate, and exhaustion,
resulting in decreased anti-tumorigenic cytokine production,
decreased survival, and elevated expression of inhibitory receptors.
Since EGR4~/~ T cells show enhanced TCR signaling and IFNy
production, as well as a defect in iTreg polarization, we reasoned
that ablation of EGR4 might counter some of these effects, leading
to an enhanced anti-tumor response. To assess this hypothesis
in vivo, we performed a melanoma lung colonization assay in
EGR4~/~ versus WT mice, assessing both melanoma growth and T-
cell differentiation and function. Experiments were performed in
both male and female mice since melanoma is known to exhibit
gender bias, with males tending to exhibit larger primary tumors
and relatively fewer distal metastases [63]. Syngeneic BI6N mela-
noma cells, expressing luciferase to facilitate monitoring of tumor
growth, were introduced to WT or EGR4 ™/~ mice by tail vein injec-
tion. Within 15 min of the injection, all mice exhibited similar local-
ization of transferred melanoma cells to the lungs (see time O,
Fig 7A). Consistent with prior studies, a decrease in melanoma cell
numbers, as assessed by luciferase imaging, was observed after
4 days, after which counts increased until day 20, when the experi-
ment was terminated (Fig 7A; Appendix Fig S6B). We also observed
an unexpected decrease in melanoma cells in WT male mice at days
16 and 20; however, this is likely an artifact of poor accessibility of
the luciferin reagent in some mice, rather than a real decrease in
tumor growth. Histological analysis of WT male mice at day 20
revealed substantial tumor load (Fig 7B) that was primarily local-
ized within the lungs (Fig 7C). Interestingly, there was a significant
delay in tumor growth in male EGR4~/~ mice starting from day 12,
although not in female mice (Fig 7A; Appendix Fig S6B). Despite
the fact that IVIS imaging failed to report any EGR4-dependent dif-
ferences in total tumor load in female mice, substantial EGR4-depen-
dent differences in the number of tumors were observed in both
female and male mice (Fig 7B-D). There was also a major difference
in the number of metastatic tumors, with females exhibiting a
substantial increase, particularly in WT mice (Fig 7D). This dif-
ference was likely due to the large numbers of metastases observed
in the ovaries (Appendix Fig S6A).

In an effort to provide mechanistic insight into why EGR4 dele-
tion affects melanoma colonization and metastasis, we character-
ized tumor-infiltrating and splenic immune cells in mutant versus

© 2020 The Authors
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WT host mice. Lung tumors from EGR4 /"~ hosts exhibited a signifi-
cant (P < 0.05) increase in tumor-infiltrating CD45* cells relative to
WT (12.445 + 2.239% versus 5.407 + 1.843 %, respectively). There
was no significant difference in the total number of tumor-infil-
trating lymphocytes (TILs), and overall CD4* /CD8* ratio was unaf-
fected. However, further characterization revealed a substantial
decrease in Treg numbers in EGR4™/~ mice (Fig 7E). There was an
increase in tumor-associated myeloid cells (TAMCs), although
TAMC composition was unaffected (Fig 7E). There was visible
melanoma colonization of the spleen in most WT and EGR4~/~
mice. EGR4™/~ mice exhibited significant increases in total splenic
T-cell numbers, reflecting a large increase in the number of CD8* T
cells (Fig 7F). As in the lungs, splenic Treg numbers were substan-
tially lower in EGR4™/~ than WT mice (Fig 7F and G). Significant
EGR4-dependent differences in the numbers of neutrophils and
Ly6ct monocytes within the myeloid compartment were also
observed (Fig 7F). Consistent with our in vitro results shown above,
EGR4/~ CD4" and CD8" TILs and splenocytes exhibited a many-
fold increased ability to produce IFNy (Fig 8A and B). In contrast,
only marginal differences in the number of IL-9- and IL-17-produ-
cing lymphocytes (representing 0-4% of the total) were collected
from either tumors or spleens (Fig 8A and C). There are 2 major
implications of these findings. The first is that syngeneic melanoma
cells promote a strongly immunosuppressive tumor microenviron-
ment, both within tumors and upon localization to lymphoid
tissues. Second, T cells lacking EGR4 are highly resistant to this
immunosuppressive environment, retaining their ability to produce
IFNYy (i.e., Thl bias) and repressing Treg generation.
Immunotherapy, the so-called 4™ pillar of cancer therapy, can be
a highly effective strategy to achieve durable remission due to its
specificity combined with the long-term maintenance of T-cell
memory. In practice, however, the effectiveness of TILs in recogniz-
ing and destroying tumor cells is limited by the ability of the tumor
microenvironment to induce T-cell anergy/exhaustion, polarization
to the suppressor fate [64], decreased survival, and high-level
expression of inhibitory receptors, including PD-1. Since other EGR
factors had been shown to control induction of T-cell anergy [5]
and antigen-specific T-cell dysfunction in the tumor microenviron-
ment [7] and since EGR4 deficiency promotes anti-tumor immunity
(Fig 7), we addressed the possibility that EGR4 plays a role
in induction of anergy/exhaustion (Fig 8D-F). A minor EGR4-
dependent difference in CD44" Foxp3~ CD4" T cells was observed
alongside loss of Foxp3~ CD44" CD73-hi cells (Fig 8D), particularly
among CD8" T cells. Within the Foxp3~ CD44" CD73-hi popula-
tion, we observed substantial accumulation of both CD4* and
CD8" T cells expressing high levels of FR4 in WT, but not EGR4~/~
mice (Fig 8E and F). Notably, the key EGR4-dependent factor
seemed to be FR4, which failed to undergo upregulation in the
absence of EGR4, particularly in CD8™ T cells (Fig EV4C). Interest-
ingly, CD44" CD73hi FR4hi CD4™ T cells have been shown to
represent an anergic state [65], while the generation of this popula-
tion in CD8™ T cells has not previously been reported. Given the
marked decrease in Treg infiltration between WT and EGR4™/~
tumors (Fig 7E) and in the growth and metastasis of melanoma
(Fig 7A-D), it is reasonable to speculate that this difference reflects
a fundamental EGR4-dependent alteration in anergy induction.
Since no change in PD1 expression was observed between WT and
EGR4™/~ TILs (Fig 8F), these observations may reveal a previously
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Figure 7. Attenuated melanoma lung colonization and metastasis in EGR4~/~ mice..

B16N melanoma cells stably expressing GFP-luciferase were injected into syngeneic WT and EGR4~/~ mice by tail vein injection.

A Luciferase expression was monitored by IVIS imaging at the indicated time points after luciferin injections.

B-D Mice were sacrificed on day 20, and tumors were counted. Data are presented as total/mouse (B), lung tumors (C), and metastatic tumors (all tumors found outside
of the lungs; (D). N = 9 for each gender and genotype. Differences in luciferase activity measured by IVIS in panel (A) were determined by two-way ANOVA. Changes
in luciferase activity were significantly altered in EGR4 knockout mice (P < 0.0112).

E-G All lung tumors were isolated from both WT and EGR4KO mice along with spleens and analyzed for CD45" cells. WT lung tumors were 5.407 =+ 1.843% CD45",
while EGR4KO mice were 12.445 =+ 2.239% CD45". WT spleens were 83.92 + 3.344% CD45", while EGR4KO mice were 95.13 + 1.856% CD45". Relative distributions
of T and myeloid cells within the CD45" populations were determined by flow cytometric analysis. (E, F) Distributions of T and myeloid cells found within lung
tumors (E) versus the spleen (F). (G) Representative FACS plots depicting gating strategies for defining Treg cell populations in panels (E and F); staining controls

are in Appendix Fig S7.

Data information: Data in panels (E-G) are mean £ SEM; tumor infiltrates from 10 WT and 4 EGR4

/= mice were examined. EGR4-mediated differences were

determined by paired two-tailed t-tests, with significant differences marked by asterisks. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

undefined role of FR4 in anergy/exhaustion. Further, we evaluated
cytotoxic effector function of both WT and EGR4™/~ TILs and
splenocytes. Consistent with our in vitro results (see above),
EGR4™/~ CD4" T cells exhibited a dramatic increase in granzyme
B- and/or perforin-producing cells, indicating a role for EGR4 in
inhibition of CD4" CTL induction (Fig EV4). EGR4 /~ CD8" TILs
also exhibited increased cytotoxic T-cell differentiation, although, in
this case, uniformly producing both perforin and granzyme B. Thus,
loss of EGR4 not only attenuates induction of anergy/exhaustion in
the immunosuppressive tumor microenvironment, but also
promotes cytotoxic effector differentiation.

Finally, to differentiate between T-cell intrinsic and extrinsic
effects of EGR4 deficiency, we compared melanoma invasiveness in
Rag ™/~ mice after adoptive transfer of WT versus EGR4/~ bone
marrow (BM) (Fig EV5A-C) or total T cells (Fig EVSD-G). After a 2-
month rest period, allowing for full reconstitution of the hematopoi-
etic compartment by transferred BM cells, mice were injected i.v. with
melanoma cells (similar to the experiments described in Fig 7).

10 of 15 EMBO reports  21: e48904 | 2020

Importantly, we observed significantly more tumors in mice reconsti-
tuted with WT BM (Fig EV5A and B) or T cells only (Fig EVSE and F),
than in hosts reconstituted with equivalent EGR4/~ cells. Indeed,
only one tumor was observed in a mouse reconstituted with EGR4 /™~
BM cells (Fig EVSA and B), and none in mice reconstituted with
EGR4™/~ T cells (Fig EVSE and F). Similar to our findings in Fig 7, no
significant changes in CD4* or CD8" ratios were observed in the
spleens of host mice after melanoma challenge. However, EGR4™~ T
cells exhibited substantial increases in IFNy production (Fig EV5C
and G). Based on these findings, we conclude that Th1 bias and anti-
tumor immunity in EGR4~/~ mice reflect a T-cell intrinsic property.

Discussion
While numerous detailed studies of the roles of EGR1, EGR2, and

EGR3 factors in T-cell development and differentiation have been
carried out over many years, the potential contributions of EGR4

© 2020 The Authors
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mice exhibiting melanoma.

Tumors collected and analyzed for exhaustion/anergy. Cells were collected and enriched for the immune cell population by Ficoll-Hypaque. WT cells were 36.9 + 4.68%

Thy1.2*, and EGR4KO cells were 48.0 4+ 0.58% Thy1.2*.
A

CD4" and CD8" T cells were stimulated in vitro with ionomycin/PMA before intracellular staining for IFNy, IL-17, and IL-9 and FACS analysis.

B, C Representative FACS plots depicting gating strategies for defining cytokine expression in panel (A); staining controls are in Appendix Fig S8.
D-F CD4" and CD8" T cells were stained with CD44, CD73, FR4, and PD1 to monitor the formation of anergic/exhausted T cells. (D) Percentages of each population. (E)

Gating strategies. (F) FR4 and PD1 levels in WT versus EGR4™/~ T cells.

Data information: Data in panels (A, D, and F) are mean = SEM; tumor infiltrates from 10 WT and 4 EGR4 '~ mice were examined. EGR4-mediated differences were
determined by paired two-tailed t-tests, with significant differences marked by asterisks. *P < 0.05; **P < 0.01; ****P < 0.0001.

have been largely overlooked. Our current investigations reveal
EGR4 as a critical and non-redundant regulator of T-cell differenti-
ation. Thus, mature T cells arising in EGR4~/ mice display
dramatic activation-dependent increases in clonal expansion, cyto-
kine production, and anti-tumor immunity. Indeed, some of these
effects are already apparent in unstimulated naive CD4* T cells.
We further establish that loss of EGR4 leads to dysregulation of
potassium channel expression and function, ultimately leading to
persistent increases in Ca?* entry that drives NFAT activation.
Precisely, how potassium channel activity would achieve this was
not fully established; since the primary driver of Ca®>* responses
during T-cell activation is TCR-mediated PLC activity, we would
speculate that increased potassium channel expression would
enhance Orail activation, thereby boosting subsequent Ca**
responses. We would further speculate that the early termination
of Ca®" responses in EGR4™/~ CD4" T cells reflects the early
onset of the Ca*"* response, i.e., the duration of the Ca** response
may be self-limiting in this T-cell subtype. Irrespective, either
potassium channel or SOCE inhibitors blocks increases in both
Ca®" signals and IFNy production in EGR4~/~ T cells. Therefore,
these observations provide a clear mechanistic link between
increased Ca** signals observed in activated EGR4™/~ cells and
enhanced IFNy production, likely to be critical for the generation
of cytotoxic T cells and diminished generation of Tregs, both of
which presumably contribute to enhanced anti-tumor immunity in
EGR4™/~ mice.

Although the current investigation focused largely on IFNvy,
several other cytokines were also upregulated in EGR4™/~ T
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cells. Interestingly, though potassium channel and SOCE inhibi-
tors dramatically inhibited IFNy production, they only marginally
affected the expression of these other cytokines, suggesting that
EGR4 may serve a negative regulatory role in their expression,
the basis for which will be investigated in future studies. Overall,
our present study shows, for the first time, that EGR4 regulates
T-cell differentiation through suppression of KCa3.1 expression/
activity for control of Ca?* entry. Further, we have established
the implications of this signaling loop for anti-tumor immunity
through control of both iTreg CTL generation. Overall, these
investigations reveal a fundamental and previously undefined
role for EGR4 as a brake for T-cell differentiation, with profound
potential implications to the treatment of immunological disor-
ders.

Materials and Methods

T-cell collection

Lymph nodes from WT or EGR KO C57BL/6 mice were excised,
crushed, and strained into a single cell suspension. CD4* or CD8™
cells were then purified using a negative selection kit as per the
manufacturer’s instructions (EasySep). For some experiments, naive
T cells were isolated by FACS based on the presence of CD90 as well
as either CD4 or CDS8 in the absence of CD44 (and confirmed by
FACS that these cells were also CDG69, CD621m)A Purified CD4" and
CD8" cells were cultured in RPMI 1640 + r-glutamine (Corning)
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supplemented with 10% FBS and penicillin/streptomycin at 37°C
and 5% CO,.

Quantitative PCR

gqPCR was performed as previously described [26]. RNA was
extracted using RNA Bee (Tel-Test) followed by addition of
0.2 ml chloroform per 1 ml RNA Bee and phase separation by
centrifugation. RNA was precipitated from the aqueous phase
with isopropanol, spun down, and washed with 75% ethanol.
Libraries of cDNA were generated using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) and quantitative
PCR performed using PowerUp SYBR Green Master Mix (Applied
Biosystems) on a 7300 Real-Time PCR instrument (Thermo
Fisher Scientific). Data are presented as the target expression
level normalized to control (CD3g) expression level with the
following primers: EGR1 sense (5-GCGGCCAGTATAGGTGAT-3'),
antisense (5-CGATGGTGGAGACGAGTT-3’); EGR2 sense (5-TCC
CGTATCCGAGTAGC-3'), antisense (5'-TTGCCCATGTAAGTGAAG-
3’) EGR3 sense (5-CGACTCGGTAGCCCATTACA-3’), antisense
(5'-AGTAGGTCACGGTCTTGTTGC-3'); EGR4 sense (5'-CAGCGACC
ACCTCACCA-3’), antisense (5'-CTGTGCCGTTTCTTCTCGT-3'); STI
M1 sense (5-TTCAGGAAAGGCTGCACAAG-3'), antisense (5'-TA
CTTCCACAGTTCGGTGCT-3'); STIM2 sense (5-CACTCCCCAGGAT
AGCAGTT-3'), antisense (5-GTGACTTCGGTCGCTGATTT-3’); Orail
sense (5'-TAGACTGCCTGATCGGATGG-3'), antisense (5-TTAGTG
TTTTGTCCC CGAGC-3'); Orai2 sense (5-CACCATGAGTGCAGAG
CTCA-3’), antisense (5-TCTCGGTAA TCCATGCCCTT-3’); Orai3
sense (5-TCCCTTCTTGGGGATACAAG-3'), antisense (5'-CCT GAG
AGCAGTTACACCAC-3'); PMCA4a sense (5-GTTCCTAGCTCCTAT
TCCGC-3'), antisense (5-ACAGGAGGAGATGTAACTGC -3'); PMCA4b
sense (5-ACTCAGATCAGAGTCGT-3'), antisense (5'-TTGGGTTTA
TGAGCAACTTC-3'); POST sense (5-TGCTGTAGAGAGATCA GTG
CGT-3'), antisense (5-CTGGCCTTTGGGACCTATGA-3'); and CD3e
sense (5-ACACTCTT CTCTGGGATGGA-3'), antisense (5-TCTAT
AAATGGGGCAGGACC-3’). Note that PMCA4 splice variant-
specific primers were designed by targeting exon 20 to specifi-
cally amplify PMCA4a; to specifically amplify PMCA4b, which
skips exon 20, primers were designed to span the splice site
between exons 19 and 21 [58,66]. The specificity of each primer
pair was analyzed by DNA PAGE. Reactions from qPCR were
run on a 12% gel followed by ethidium bromide staining.
Predicted amplicon size for PMCA4a primers is 61 base pairs;
predicted amplicon size for PMCA4b is 58 base pairs.

Ca®* measurements

Cytosolic Ca?" measurements were performed as previously
described [25]. Cells were serum starved in RPMI 1640 + r-gluta-
mine supplemented with 0.5% BSA for 3 h and then plated on
coverslips coated with poly-D-lysine or anti-CD3/CD28 (10 pg/ml).
Cells were loaded with 2 pM fura-2 acetoxymethyl ester (Invitrogen)
for 30 min at 25°C in cation-safe solution (107 mM NaCl, 7.2 mM
KCl, 1.2 mM MgCl,, 11.5 mM glucose, 20 mM Hepes-NaOH, 1 mM
CaCl,, pH 7.2). Cells were washed and dye allowed to de-esterify for
30 min at 25°C. Ca®** measurements were made using a Leica DMI
6000B fluorescence microscope controlled by Slidebook Software
(Intelligent Imaging Innovations; Denver, CO). Intracellular Ca**
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measurements are shown as 340/380 nm ratios obtained from
single cells.

NFAT nuclear localization

T cells were stimulated with beads coated with either BSA or CD3/
CD28 antibodies (BioLegend, San Diego, CA; 0.5-6 h). Cells were
fixed with paraformaldehyde (3% v/v), permeabilized (3% BSA,
0.2% Triton X-100), and stained with anti-NFATcl antibody. This
was followed by FITC-conjugated anti-mouse antibodies and DAPI.
Colocalization between NFATc1 and DAPI was determined by post-
acquisition analysis (LASX software, Leica) of images obtained
using a Leica sp8 laser scanning microscope. Averages are presented
as Pearson’s correlations + SEM of at least three independent
experiments and analyzed by two-way ANOVA to determine statisti-
cal significance.

Proliferation assays/cytokine measurement

FACS-sorted CD4™ and CD8" T cells were incubated with 5-(and 6-)
carboxyfluorescein diacetate succinimidyl ester (CFSE; Dojindo;
S uM) in PBS (37°C; 15 min). CFSE-labeled cells were cultured in
plate-bound anti-TCRP or anti-CD3/CD28 antibodies for 1-4 days
prior to FACS analysis. Note that cells were routinely stained with
propidium Iodide to identify and exclude dead cells. Generation
analysis was performed using FlowJo Software. In parallel, cytokine
concentrations in supernatants were determined using a cytokine
bead array (BioLegend, San Diego, CA) after a 2-day incubation
according to the manufacturer’s instructions. Foxp3 staining was
carried out with the Foxp3 mAb clone MF23 and the BD Pharmingen
Mouse Foxp3 Buffer Set (BD, cat. No. 560409), according to the
manufacturer’s instructions. Cytokine staining was carried out using
the BD Fixation/Permeabilization Solution Kit (Cat. No. 554714),
according to manufacturer’s instructions. Briefly, cells were fixed in
100 pl of Cytofix/Cytoperm solution for 30 min at 4°C, washed
twice in Perm/Wash solution, pelleted by centrifugation and resus-
pended in 100 pl of Perm/Wash solution with or without (FMO
control) fluorochrome-conjugated anti-cytokine antibody at room
temp. for 60 min. Cells were then washed twice with Perm/Wash
solution and resuspended in Staining Buffer for FACS analysis.

Th polarization

Naive CD4" T cells from spleen and lymph nodes were enriched
from 6-week-old mice using a T-cell Isolation Kit II (BD Biosciences)
and then FACS sorted for CD44-CD69-CD621hi naive CD4™ T cells.
Cells were activated with 5 pg/ml plate-bound anti-CD3/CD28 anti-
bodies (BioLegend, San Diego, CA) with or without IL-2 (25 IU/ml).
For ThO conditions, anti-IL-4 (11B11; 20 pg/ml) and anti-IFNy
(20 pg/ml) were added; for Th1 conditions, anti-IL-4 (11B11; 20 pg/ml)
and IL-12 (10 ng/ml) were added; for Th2 conditions, anti-IFNy
(20 pg/ml) and IL-4 (20 ng/ml) were added; for Th9 conditions,
anti-IFNy (20 pg/ml), IL-4 (20 ng/ml), and TGF-B (2 ng/ml) were
added; and for Th17 conditions, IL-6 (10 ng/ml), TGF-B (2 ng/ml),
anti-IFNy (20 pg/ml), and IL-4 (20 ng/ml) were added. For Treg
polarization, TGF-$ (10 ng/ml), IL-2 (100 U/ml), anti-IFNy (20 ng/
ml), and IL-4 (20 ng/ml) were added. Mouse IL-12 and IL-4 were
from PeproTech, TGF-f and IL-6 were from R&D Systems, human
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IL-2 was from Roche, and neutralizing antibodies to mouse IFNy
(XMG1.2) and IL-4 (11B11) were from BD Biosciences. Cells were
cultured for 5 days in RPMI medium 1640 containing 10 mM Hepes
(pH 7.0), 10% (v/v) FBS, 2 mM L-glutamine, antibiotics (complete
medium), and 50 uM B-mercaptoethanol.

Adoptive transfer experiments

Seven-week-old RAG ™/~ hosts were sublethally irradiated (250rads)
and adoptively transferred 1 day later with 10° total bone marrow
cells or total T cells (FACS sorted based on co-expression of CD90
and either CD4 or CD8) from either EGR4~/~ or WT donor mice.
Reconstitution was verified by FACS analysis of PBLs from each
host mouse 2 months after adoptive transfer.

Lung colonization assays

B16N melanoma cells expressing a GFP-Luciferase reporter were
cultured and counted using an automated cell counter (Bio-Rad).
Cells (1.25 x 10°) were administered by tail vein injection. Lung
colonization and metastasis were determined by IVIS imaging
immediately after injection and every 4 days until termination of
the experiment. Prior to imaging, mice were anesthetized (isoflu-
rane) and administered 200 pl of 15 mg/ul Luciferin (PerkinElmer;
3 g i.p.). On day 20, mice were sacrificed, tumors were localized
and counted, and tissues were collected for histopathology.

TIL isolation

Tumors were dissected from mouse tissues at the end of each exper-
iment, dissociated through a 50-um filter, and washed with PBS.
TILs were further enriched by layering Ficoll-Hypaque after the cell
suspension, followed by centrifugation for 15-30 min at 400 g. The
buffy layer was isolated and washed twice with RPMI before stain-
ing and FACS analysis. To measure cytokine production, cells were
stimulated with PMA/ionomycin for 6 h before fixation, intracellu-
lar staining, and FACS analysis.

Materials

Murine anti-CD3 and anti-CD28 antibodies were obtained from eBio-
science (San Diego, CA). Poly-D-lysine was produced by Sigma-
Aldrich (Saint Louis, MO). Fura-2 AM, senicapoc, and TRAM-34
were purchased from Thermo Fisher Scientific (Waltham, MA).
Thapsigargin was obtained from EMD Millipore (Billerica, MA).
EGTA was obtained from EMD Millipore (Billerica, MA). Fluores-
cent-conjugated anti-mouse FOXP3 and Helios procured from BD
Biosciences. CD4, CD8, Thyl.2, IFNg, IL4, IL-17, IL-9, FR4, CD73,
CD25, PD1, Ly6 g, CD11b, B220, perforin, and granzyme were
purchased from BioLegend (San Diego, CA).

Statistical analysis

Data were analyzed by one-way or two-way ANOVA where appro-
priate using GraphPad Prism, as specified within the figure legends.
Within Figs 1 and 3, statistical groups determined by Tukey’s post
hoc tests are conveyed by small letters to better differentiate multi-
ple comparisons. Hence, group “a” is different (P < 0.05) from “b”
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is different (P < 0.05) from “c”. In some cases, specific experimental
conditions were not significantly different from multiple groups. In
this scenario, the condition was labeled with multiple letters.

Data availability
No primary datasets have been generated and deposited.
Expanded View for this article is available online.
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